a b s t r a c t UO 2 and (U, Pu)O 2 solid solutions (the so-called MOX) nowadays are used as commercial nuclear fuels in many countries. One of the safety issues during the storage of these fuels is related to their self-irradiation that produces and accumulates point defects and helium therein.
Introduction
The MOX solid solutions are of considerable interest for the nuclear engineering due to the issues of the plutonium re-use, separation and/or storage [1] . PuO 2 and UO 2 are known to have the fluorite structure within a broad temperature range. Although their lattice constants differ by $1.3% only, their magnetic properties at low temperatures are different. UO 2 obeys a 3-k magnetic structure and oxygen sublattice distortion [2] at temperatures below the Neel temperature of 30.8 K [3] . The magnetic moment on U ion is 1.75 l B [4] which is close to that anticipated from the 5f-orbital occupation. In PuO 2 , however, the magnetic susceptibility measurements do not give any substantial magnetic moment on Pu ion and suggest its temperature independence [5] . The magnetic properties of PuO 2 or MOX are out of the scope of the present study -we analyze the basic bulk properties only. It is, for example, known that the MOX lattice constant obeys Vegard's law [6] as a function of Pu concentration, and the thermal conductivity is smaller than in UO 2 [7] . Both UO 2 and PuO 2 are so-called Mott insulators with the band gap of 2.0 eV [8] and 1.8 eV [9] , respectively. UO 2 was intensively studied (including bulk properties and defects behavior) by the DFT approaches [10] [11] [12] [13] [14] [15] . Some theoretical efforts based on the DFT + U approach [16, 17] and the hybrid exchange-correlation functional [18] were also recently made to study the electronic structure of PuO 2 . In particular, the anti-ferromagnetic (AFM) structure in PuO 2 was suggested to be energetically more favourable than the ferromagnetic (FM) one. In these studies the calculated band gap was close to the experimental value. Two different modifications of the DFT + U method were applied in Refs. [16, 17] which is the issue carefully analyzed in Ref. [19] .
He is accumulated in MOX mostly as a result of actinide alphadecay which seriously affects fuel mechanical and thermal properties. In this paper, we study He incorporation into MOX for the first time by using ab initio calculations.
Computational details
In present simulations we employed the VASP 4.6 code [20, 21] . The calculations are based on the projector augmented wave (PAW) method combined with the scalar relativistic pseudopotentials [22] . The core states (78 electrons for Pu, 76 electrons for U and 2 electrons for O) were included into the pseudopotentials. The Hubbard model was used to treat strong correlations within the so-called DFT + U method, and the relevant Hamiltonians as available in VASP were applied. The simplified rotationally invariant Dudarev's form for Hubbard correction, which deals exclusively with the difference between an on-site Coulomb U and exchange J parameters leading to U eff = U À J, was used to study UO 2 [11] . In contrast to UO 2 , PuO 2 shows a significant role of the exchange part 0168-583X/$ -see front matter Ó 2010 Elsevier B.V. All rights reserved. doi:10.1016/j.nimb.2010.05.054 requiring the Liechtenstein form [23] of the Hubbard correction. In general, UO 2 is less sensitive to the choice of the functional, and we also used the DFT + U approach within the Liechtenstein form for the MOX with the U, J parameters separately found for UO 2 and PuO 2 . Namely, the parameters U of 4.6 and 3.0 eV and the exchange parameters of 0.5 and 1.5 eV were used for UO 2 and PuO 2 , respectively. The parameters used for UO 2 are in agreement with the experimental study of Baer [8] and previous ab initio calculations [11] . The parameters for PuO 2 were carefully determined by calculating a number of properties and varying them in a wide range [19, 24] .
The calculations employed a 1-k AFM structures for UO 2 and PuO 2 on the basis of experimental data [5] and previous calculations [16, 17] . Such a magnetic structure means that spins are pointed in the [0 0 1] direction in the FM planes which leads to the tetragonal distortion of the cubic oxide lattice. The AFM structure for PuO 2 was also confirmed to be lower in energy than the FM one. The same [0 0 1] magnetic structure was also applied to the solid solution. The comparisons were also made with the FM structure for different Pu concentrations. The relevant unit cells were fully relaxed, including both the lattice parameters and magnetic moments.
The calculations of He atom in octahedral position involved two types of supercells, namely the 13 atom and 25 atom supercell. Such supercells are constructed from the conventional fluorite unit cell. Also, these supercells are particularly useful for the MOX calculations allowing us to treat the following concentrations of Pu: 12.5% (MOX 12.5), 25% (MOX 25), 50% (MOX 50), 75% (MOX 75), 87.5% MOX (87.5). However, we observed some instabilities of the DFT + U method for the MOX calculations. It is reflected in the scattering behavior of calculated bulk properties, like magnetic moment, as functions of Pu concentration and can easily bring the system to a wrong conducting state [19] . This issue was already discussed in the literature [17] . To avoid this problem, we lifted the symmetry constraints for the MOX calculations (with and without He), which significantly improves the dependence of the calculated properties on the Pu concentration.
The plane wave cut-off energy was fixed at 520 eV except for supercells with He where it was increased up to 621 eV. The exchange-correlation functional as applied within the DFT + U scheme is the one of Perdew, Becke, and Ernzerhof (PBE) [25] . The Brillouin zone integration employed 10 Â 10 Â 8 MonkhorstPack k-point mesh [26] for the tetragonal unit cell of PuO 2 , 6 Â 6 Â 6 for the conventional unit cell of MOX and 8 Â 8 Â 8 for the conventional unit cell of PuO 2 whereas the electron occupancies were determined with the Gaussian method using smearing parameter of 0.1 eV for Pu containing oxides. The details of the calculation accuracies for pure UO 2 calculations are provided elsewhere [27] . The density of states, however, was re-calculated with the tetrahedron method as suggested by Bloechl et al. [28] .
Results and discussion

Calculations on UO 2 and PuO 2 bulk
As a result of the lattice relaxation, the optimized lattice constant c (Table 1 ) along the z-direction in UO 2 with alternating U spins is reduced by $1% as compared to the two other directions a(b). The bulk modulus (B) was estimated by fitting parameters of the Birch-Murnaghan equation of state [29] to the adiabatic energy profiles (the total energy per unit cell vs. unit cell volume) calculated with the VASP code. The cohesive energy (bulk modulus) E coh (B) only slightly exceeds (is smaller in comparison to) the experimental value, which is in agreement with the general trend for the GGA functionals. The effective U ion charges found by using the topological (Bader) method [30] considerably differ from the formal charges (U
4+
, O 2À ), thus, suggesting a partly covalent nature of UO 2 bonding. The magnetic moments l on the U ion confirm this picture. However, it is slightly larger than the experimental value of 1.74l B . Notice that the results in Table 1 do not include the spin orbit coupling effects. The DFT + U approach gives the UO 2 band gap E g $ 2 eV, consistent with the experiment (Fig. 1a) . As it is expected, the U 5f-electrons form a separate (localized) band below the Fermi energy with a small contribution of O 2p orbitals, which leads to the U-O partial bond covalence. This was observed also in the local combination of atomic orbitals (LCAO) computations with the Gaussian code [18] performed using the hybrid functional. On the basis of the procedure described in Ref. [27] , we observed that the lowest energy structure within the [0 0 1] magnetism for UO 2 is of orthorhombic symmetry (Table 1 ). This result is very much in line with experimental observations on the distortion mechanisms in UO 2 . The orthorhombic structure itself is characterized by comparable bulk properties together with the tetragonal one; however, it appeared to be important for the He studies (see the following sections). Table 1 A comparison of UO 2 and PuO 2 bulk properties (lattice constants (a, b, c), cohesive energy E coh , bulk modulus B, U effective (Bader) charges Q eff (U) and magnetic moments l(U), and band gap E g ) obtained with the PBE exchange-correlation functional E xc (see the text for details). X = U or Pu, respectively. A similar comparison of experimental and theoretical results for basic bulk properties is also possible for PuO 2 . As mentioned above, the hybrid functionals and DFT + U method applied clearly indicate an insulating character of PuO 2 . The AFM structure was also confirmed which is obviously inconsistent with its measured magnetic properties. We will report elsewhere on the role of spin orbit effects [19] to explain this discrepancy. The DFT + U scheme relying on the Liechtenstein functional was used in Ref. [17] whereas the Dudarev functional was applied in Ref. [16] . Despite using the same values for the U-parameter, they produce slightly different values for E g and B but predict a comparable contribution of Pu 5f-and O 2p-electrons to the density of states (DOS). Nevertheless, this is not fully confirmed experimentally despite E g being close to the experimental value. Also, the hybrid functional as applied in Ref. [18] demonstrates the same picture with E g , however, overestimated.
Our calculations for PuO 2 by means of the DFT + U method demonstrate that the role of exchange parameter may not be neglected, and it is better to properly tune this parameter [19] . We have found that with U = 3.0 and J = 1.5 eV a very good agreement with the experimental results is obtained. In Table 1 we present the newly calculated values of basic bulk properties of PuO 2 . The AFM structure reveals the tetragonal symmetry with two lattice parameters a(b), c. The equilibrium unit cell volume is very close to that found by Jomard [17] . The cohesive energy E coh is similar to that in UO 2 . The effective charge is far from the formal charge indicating a contribution of covalency to the bonding like in UO 2 . The high magnetic moment is close to the value suggested by Jomard [17] whereas the band gap is slightly underestimated in comparison with the experimental value. Interestingly, the bulk modulus B and band gap E g are underestimated in comparison to both the experimental values and previous calculations. The Pu 5f-electrons lie at the Fermi energy (Fig. 1b) . The position and contribution of 5f-electrons is changed, leading to their clear localized behavior, in comparison to previous theoretical works.
Calculations on MOX bulk
As mentioned above, all the DFT + U MOX calculations with symmetry constraints relaxed to wrong conducting ground states for all Pu concentrations. We, therefore, decided to lift the symmetry constraints and allowed the system to converge to the energetically most stable state. Such an approach leads to insulating solid solutions for all Pu concentrations.
The MOX calculations were done with the same U, J parameters as for pure PuO 2 . For each of the Pu concentrations we calculated the AFM, FM and ferrimagnetic (FEM) solutions, in order to find the minimum energy structure. Such solutions represent different total magnetic spin moments of the system: the total magnetic spin moment of 1, À1 l B is possible for MOX 12. The energy difference between the FM and AFM (FEM) states vary with the Pu concentration. We observed that the FEM structure is lower in energy for small Pu concentrations whereas the concentrations higher than 50% are characterized by the FM structure. In Fig. 2 the volume of the unit cell is plotted as a function of Pu content. The calculated results agree with the experimental result [6] . Both the theoretical estimate and experimental considerations agree on Vegard's law validity [35] for MOX with the volume decreasing with the Pu content. The theoretical volume is overestimated in comparison to the experimental one, what can have different grounds. First, the DFT calculation itself typically overestimates the volumes of materials. Second, the symmetry of calculated unit cells lowers and is not characterized by the single lattice parameter like in experiments. 
He incorporation into UO 2 , PuO 2 and MOX
As observed earlier [27] , UO 2 reveals the conducting state when He occupies the high symmetry octahedral position in a cubic crystal. A solution to this problem can be found through the lifting the symmetry constraints (for details, see Ref. [27] ). The obtained crystal structure has a monoclinic symmetry with the He position showing a reduced C 2v point symmetry. This structure can be described as the tetragonal supercells sheared along the base diagonal. Still, a deviation from a cubic structure appears to be very small. Thus, the calculated lattice vectors for the 13 The DOS for a 13 atom monoclinic supercell is shown in Fig. 3a . The total DOS for the same supercell of a pure orthorhombic UO 2 (without He atom) is also added there for a comparison. The band gap in the supercells with He is $2.5 eV, which is $0.5 eV higher than that for pure UO 2 . He 1s-states lie $7 eV below O 2p-states, which is much lower than valence electrons. Like in a pure UO 2 , the U 5f-electrons contribute to both the highest valence band and the lowest conduction band. The introduction of a He atom into an interstitial position and the resulting monoclinic distortion leads to the higher-energy shift by $0.5 eV of both the O 2p valence band and the conduction band.
To estimate the He incorporation energy, we had to use supercells for a perfect UO 2 crystal with the same reduced (orthorhombic) symmetry. The calculated incorporation energies turn out to be now 0.59 eV in a 13 atoms supercell (Table 2 ). This value is smaller than that found in the local density approximation studies by Crocombette [10] for a metallic UO 2 . As seen from Ref. [27] there is still a dependence on the supercell size and these values may also be corrected to include an important van der Waals contribution which is, however, out of the scope of the present study.
Introduction of He into the octahedral position of PuO 2 does not lead to the instability and the conducting state observed for UO 2 . PuO 2 with He is characterized by a slightly reduced band gap (Fig. 3b) . The position of He 1s-electrons is similar to that in UO 2 . The Pu 5f-electrons are also the outermost electrons and the position of other bands does not change in comparison to the defectfree bulk material. The incorporation energy for He in PuO 2 and MOX is also given in Table 2 . It confirms that the incorporation energy may increase with the Pu content. All the calculations on He in MOX fuel with the Pu concentrations below 25% indicate an insulating behavior with a band gap slightly reduced ($1 eV) in a comparison with both pure UO 2 and PuO 2 (Fig. 4) . The 5f-electrons remain relatively localized for small Pu concentrations. However, they mostly comprise electrons of U whereas Pu contributes to the conduction band.
Conclusions and perspectives
(1) The host crystalline symmetry reduction is particularly important for calculations of He incorporation energy into octahedral interstitial position in actinide dioxides. In particular, in UO 2 properly calculated He incorporation energy turns out to be reduced in a comparison to high symmetry with conducting states. (2) PuO 2 reveals considerably larger He incorporation energy than UO 2 . Our future studies will include larger supercells and points defects on both the U and Pu MOX sublattices, in order to analyze the role of defects in the He behavior.
